ABSTRACT To satisfy its fatty acid needs, the extracellular eukaryotic parasite Trypanosoma brucei relies on two mechanisms: uptake of fatty acids from the host and de novo synthesis. We hypothesized that T. brucei modulates fatty acid synthesis in response to environmental lipid availability. The first committed step in fatty acid synthesis is catalyzed by acetyl coenzyme A (acetyl-CoA) carboxylase (ACC) and serves as a key regulatory point in other organisms. To test our hypothesis, T. brucei mammalian bloodstream and insect procyclic forms were grown in low-, normal-, or high-lipid media and the effect on T. brucei ACC (TbACC) mRNA, protein, and enzymatic activity was examined. In bloodstream form T. brucei, media lipids had no effect on TbACC expression or activity. In procyclic form T. brucei, we detected no change in TbACC mRNA levels but observed 2.7-fold-lower TbACC protein levels and 37% lower TbACC activity in high-lipid media than in low-lipid media. Supplementation of low-lipid media with the fatty acid stearate mimicked the effect of high lipid levels on TbACC activity. In procyclic forms, TbACC phosphorylation also increased 3.9-fold in high-lipid media compared to low-lipid media. Phosphatase treatment of TbACC increased activity, confirming that phosphorylation represented an inhibitory modification. Together, these results demonstrate a procyclic-form-specific environmental lipid response pathway that regulates TbACC posttranscriptionally, through changes in protein expression and phosphorylation. We propose that this environmental response pathway enables procyclic-form T. brucei to monitor the host lipid supply and downregulate fatty acid synthesis when host lipids are abundant and upregulate fatty acid synthesis when host lipids become scarce.
extracellularly in the bloodstream, lymph, skin, adipose interstitial spaces, and cerebrospinal fluid. When the tsetse fly feeds on an infected mammal, T. brucei parasites enter the tsetse fly midgut, where they differentiate into procyclic forms (PFs). These PFs eventually migrate to the salivary glands, where they undergo development to infectious metacyclic forms primed for transmission to the next mammalian host.
During its life cycle, T. brucei encounters multiple host microenvironments that differ and that can vary in their availability of nutrients, including lipids. For example, the parasite experiences an~400-fold drop in lipid availability when it crosses the bloodbrain barrier and enters the cerebrospinal fluid of its mammalian hosts (1) . Alternatively, the parasite may experience a dramatic increase in lipid availability when it colonizes the adipose tissue (2) . To successfully adapt to its host environments, T. brucei must sense such changes in nutrient availability and respond by undergoing developmental, behavioral, and/or metabolic changes (3, 4) . One important class of lipids is fatty acids. In addition to being main structural components of membrane phospholipids, fatty acids serve as anchors for membrane proteins through direct acylation of the protein or via a more complex glycosylphosphatidylinositol (GPI) anchor. In T. brucei, GPIanchored surface proteins play critical roles in protecting the parasite from host defenses (4, 5) . A sufficient supply of fatty acids is needed to maintain surface coat integrity as well as membrane lipid homeostasis. To satisfy its fatty acid needs, T. brucei relies on two mechanisms: uptake of environmental fatty acids from the host and de novo synthesis. T. brucei readily takes fatty acids from its host (6, 7) . However, if exogenous fatty acids are limiting, T. brucei can synthesize fatty acids de novo through one of two pathways: an endoplasmic reticulum (ER)-localized fatty acid elongase (ELO) pathway and a mitochondrial type II fatty acid synthesis pathway (8) (9) (10) .
Fatty acid synthesis requires malonyl coenzyme A (malonyl-CoA) as a substrate, which serves as the two-carbon donor for acyl chain elongation. Acetyl coenzyme A (acetyl-CoA) carboxylase (ACC) catalyzes the synthesis of malonyl-CoA from acetyl-CoA in what constitutes the first committed step in fatty acid synthesis. ACC is a member of the biotin carboxylase family, whose members use a biotin prosthetic group to transfer a carboxyl group from a bicarbonate donor to an acceptor acetyl-CoA, forming the malonyl-CoA product (11) . Because it catalyzes the first committed step in fatty acid synthesis, ACC serves as a key control point for regulating this pathway, where it is subjected to multiple modes of transcriptional and posttranslational regulation, including phosphorylation (12) . Although ACC is a target of multiple kinases, the bestcharacterized ACC kinase is AMP-activated protein kinase (AMPK), a global regulator of cellular energy metabolism activated by the presence of a low cellular energy charge (13) . AMPK phosphorylation of ACC inhibits its activity, turning off fatty acid synthesis to conserve energy during starvation or stress (14) .
We previously characterized T. brucei ACC (TbACC) and found that it is well conserved among trypanosomes at the amino acid level (~60% identity) but diverges from fungal and mammalian ACCs (~30% identity) (15) . RNA interference (RNAi) knockdown of TbACC mRNA in PFs caused a growth defect only when levels of environmental lipids were low (15) , suggesting that fatty acid synthesis was especially important when the exogenous fatty acid supply was limiting. This idea is supported by prior data showing that T. brucei upregulated fatty acid synthesis when grown under lipid-poor conditions (9, 16) .
Given these observations, we hypothesized that T. brucei parasites can sense their environmental lipid supply and respond accordingly by modulating their fatty acid synthesis pathways. Given the central role that TbACC likely plays in T. brucei fatty acid metabolism and its multiple modes of regulation in other organisms, we examined the possibility that TbACC is regulated in response to environmental lipids as part of this environmental sensing pathway.
We investigated the effect of growth in low-, normal-, and high-lipid media on TbACC mRNA, protein, and activity. While TbACC mRNA levels did not change in response to altered environmental lipid levels, we observed increased TbACC protein levels and TbACC enzyme activity after growth under low-lipid conditions. We found that TbACC was phosphorylated under high-lipid conditions and demonstrated that phosphorylation inhibited TbACC activity. Finally, we determined that regulation of TbACC by environmental lipids appears to be stage specific, occurring only in PFs and not in BFs.
RESULTS
Effect of environmental lipids on TbACC mRNA and protein levels. To examine the regulation of TbACC at the level of transcription and/or mRNA stability, we used quantitative reverse transcriptase PCR (qRT-PCR) to quantify changes in steady-state TbACC mRNA levels in response to different environmental lipid conditions. (For details of the qRT-PCR methods used, see Text S1 in the supplemental material.) BF and PF cells were grown for 72 h in low-, normal-, and high-lipid media, conditions that were created by altering the serum content in the media (Table 1) . Total RNA was isolated and used to generate cDNA as the template for qRT-PCR using primer sets for TbACC and actin as the internal control. qRT-PCR revealed similar TbACC mRNA levels in BFs and PFs, with no significant difference between cells grown under low-, normal-, and high-lipid conditions (see Fig. S1 in the supplemental material).
To investigate the possibility of TbACC regulation at the level of translation and protein stability, we examined the effect of environmental lipids on TbACC protein levels by Western blotting with streptavidin conjugated to horseradish peroxidase (SA-HRP), which binds to the biotin prosthetic group of ACC (15, 17, 18) . The predicted size of the TbACC protein is 243 kDa, which allows it to be readily distinguished from the single other biotinylated protein encoded in the T. brucei genome, the 71-kDa ␣ subunit of 3-methylcrotonyl-CoA carboxylase (TriTrypDB gene identifier [ID]: Tb927.8.6970), an enzyme involved in amino acid degradation. Cell lysates prepared from BFs and PFs grown in low-, normal-, and high-lipid media for 72 h were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose, and probed for TbACC by SA-HRP blotting. In BFs, TbACC protein levels showed no significant difference in cells grown in low, normal, or high lipid media ( Fig. 1A and C) . In PFs, however, TbACC protein levels changed in response to environmental lipid levels. Growth in low-lipid media led to higher TbACC protein levels, and growth in high-lipid media led to lower TbACC protein levels, with a significant (P ϭ 0.019) 2.7-fold difference in TbACC levels in cells grown in low-lipid versus high-lipid medium conditions, and a more modest 2.2-fold increase (P ϭ 0.019) in TbACC protein was observed in low-lipid media compared to normal media ( Fig. 1B and C) . This same general pattern of TbACC protein levels was observed under conditions of TbACC depletion by RNA interference, though the overall levels of TbACC were very low and the differences between the different growth media were not statistically significant (Fig. S2) .
Effect of environmental lipids on TbACC activity. To examine the effect of environmental lipids on TbACC activity, hypotonic lysates were prepared from BF and PF cells grown in low-, normal-, and high-lipid media for 72 h and were then passed through a small gel filtration column to exchange the lysate into enzyme assay buffer and remove endogenous substrates. TbACC activity was assayed in the gel-filtered lysates by measuring the incorporation of 14 CO 2 from NaH 14 CO 3 in the presence of acetyl-CoA and ATP into the acid-resistant product [ 14 C]malonyl-CoA, which was collected onto filter paper and quantified by scintillation counting. In BFs, TbACC activity showed no significant differences between cells grown in low-, normal-, or high-lipid media ( Fig. 2A) , consistent with the lack of change seen in TbACC protein levels in BFs in response to altering the levels of the lipids in the media. In PFs, no difference in TbACC activity was seen between cells grown in low and normal-lipid media, but growth in high-lipid media resulted in significant~35% (P ϭ 5.2 ϫ 10 Ϫ10 ) and~37% (P ϭ 2.9 ϫ 10 Ϫ5 ) decreases in TbACC activity compared to growth in normal-lipid and low-lipid media, respectively ( Fig. 2A) . The observed changes in TbACC activity in PFs were consistent with the observed changes in PF TbACC protein levels in the different lipid media. To confirm that the observed changes in TbACC activity in PFs grown in high-lipid media were due to the lipid component of the media, we determined if addition of exogenous fatty acids would affect TbACC activity. PFs were first passaged into low-lipid media and grown to the mid-logarithmic (mid-log) stage. The culture was then divided into three subcultures that were (i) maintained in low-lipid media, (ii) supplemented with fetal bovine serum (FBS) to mimic the high-lipid media, or (iii) wild-type (WT) cells were grown in low-, normal-, and high-lipid media to the mid-logarithmic (mid-log) phase (~3 days). Lysates prepared in the presence of a phosphatase inhibitor cocktail were resolved by the use of SDS-PAGE (10 g total protein/lane) and transferred to nitrocellulose. TbACC was detected by SA-HRP blotting (A and B, top panels), and the same blots were reprobed for tubulin as a loading control (bottom panels). Representative blots from three independent experiments are shown. MWM, molecular weight marker. (C) Densitometric quantification of the results from the three independent experiments described in the panel A and B legends. The TbACC signal was normalized to the tubulin loading control. Means Ϯ standard errors of the means (SEM) are shown. *, P Յ 0.05 (two-tailed Student's t test).
supplemented with 35 M stearic acid (C18:0), an abundant fatty acid, at a concentration similar to that in mammalian serum and sufficient to rescue the growth of PFs with reduced ELO pathway activity in low-lipid media (9, 19) . After 24 h under the new media conditions, TbACC activity was assayed as described above. Compared to cells maintained in low-lipid media, addition of serum (high lipid) reduced TbACC activity by 22% (P ϭ 0.0022) compared to the low-lipid condition (Fig. 2B) , consistent with the result shown in Fig. 2A . Addition of 35 M fatty acid stearate (C18:0) caused an effect similar to that seen with serum addition, significantly (P ϭ 1.2 ϫ 10 Ϫ12 ) decreasing TbACC activity by 41% (Fig. 2B) .
Effect of environmental lipids on phosphorylation of ACC. ACC is regulated by phosphorylation in a diverse array of organisms, from yeast to humans. TbACC was identified as a phosphoprotein by proteomics (20) , and we showed that treatment of PF and BF lysates with (-)-epigallocatechin gallate (EGCG), a bioactive compound in green tea, resulted in increased TbACC phosphorylation and decreased TbACC activity in cell lysates (21) . Taken together, these observations suggested that TbACC may be subject to phosphoregulation in response to some stimuli. Thus, we examined whether TbACC is differentially phosphorylated in intact cells in response to environmental lipids. To do this, we exploited a previously published PF cell line in which one of the endogenous TbACC genomic loci was modified with a C-terminal c-myc epitope tag (PF ACC-myc) (15) , allowing expression of myc-tagged TbACC under the control of its endogenous promoter. PF ACC-myc cells were grown in low-, normal-, and high-lipid media for 48 h and then metabolically labeled in low-phosphate media with [ 32 P]orthophosphate as the main source of phosphate. TbACC-myc was isolated from hypotonic lysates via immunoprecipitation with c-myc antibody conjugated to agarose beads, and immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose, and subjected to autoradiography. Total TbACC protein levels were determined by SA-HRP blotting after the 32 P signal decayed to background. As we observed previously (21), [ 32 P]orthophosphate labeling of TbACC-myc immunoprecipitates demonstrated that TbACC was phosphorylated in PFs (Fig. 3A , upper left panel). However, phosphorylation of TbACC varied in response to different lipid levels in the media. Densitometric quantification showed that growth in low-lipid media resulted in an 85% decrease in TbACC-myc phosphorylation compared to normal media, while growth in high-lipid media resulted in 4.9-fold and 32-fold increases in TbACC-myc phosphorylation compared to normal-lipid and low-lipid media, respectively (Fig. 3A, right panel) .
We confirmed and further explored the effect of media lipids on TbACC phosphorylation using a nonradioactive phosphoprotein staining method. PF ACC-myc cells were grown in low-, normal-, and high-lipid media for 48 h, and TbACC-myc was purified from hypotonic lysates by immunoprecipitation with anti-myc agarose beads as de- TbACC-myc phosphorylation values were normalized to total TbACC loaded levels. This experiment was performed once. (B) PF TbACC-myc cells were grown in low-, normal-, and high-lipid media to the mid-log phase (~3 days). TbACC-myc immunoprecipitates were resolved by the use of 10% SDS-PAGE, and phosphorylated TbACC-myc was detected by phosphoprotein gel staining and imaging under UV (upper left panel, ACC-p). Identically loaded gels prepared in parallel were transferred to nitrocellulose and probed for total TbACC by SA-HRP blotting (lower left panel, ACC-t). A representative gel and blot from three independent experiments are shown. Densitometric analysis of three independent experiments is shown in the right panel. PF TbACC-myc phosphorylation values (ACC-p) were normalized to total TbACC-myc loaded levels (ACC-t). Means Ϯ SEM are shown. **, P Յ 0.005 (two-tailed Student's t test). (C) BF TbACC-myc cells were grown in low-, normal-, and high-lipid media to the mid-log phase (~3 days). TbACC-myc immunoprecipitates were resolved by the use of SDS-PAGE and assessed for phosphorylated TbACC (ACC-p) by phosphoprotein gel staining (top panel) and total TbACC (ACC-t) by SA-HRP blotting (bottom panel) as described for panel B. No densitometry data are shown due to a lack of phosphorylated TbACC. scribed above. TbACC-myc immunoprecipitates were resolved by the use of SDS-PAGE, and then the gel was stained with Pro-Q Diamond stain, which specifically stains phosphoproteins in acrylamide gels. To determine total TbACC levels, gels prepared in parallel were transferred to nitrocellulose and probed by SA-HRP Western blotting. As with the metabolic [ 32 P]orthophosphate labeling, PF TbACC-myc in cells grown under different lipid media conditions showed different levels of phosphorylation by phosphoprotein gel staining (Fig. 3B, upper left panel) . Low-lipid media resulted in a significant (P ϭ 0.0012)~34% decrease in TbACC phosphorylation compared to normallipid media. In contrast, high-lipid media induced the highest level of TbACC phosphorylation with significant 2.6-fold (P ϭ 0.0092) and 3.9-fold (P ϭ 0.0047) increases over that in normal-lipid and low-lipid conditions, respectively (Fig. 3B, right panel) . These changes in PF TbACC phosphorylation in low-and high-lipid media are consistent in scale with the modulation of TbACC activity under the same growth conditions. Previously, we observed undetectable levels of phosphorylation in BFs grown in normal media (21) . To examine if TbACC phosphorylation in BFs was affected by media lipid levels, we cultured BF TbACC-myc cells in low-, normal-, and high-lipid media and analyzed TbACC-myc immunoprecipitates for phosphorylation as described above. Phosphoprotein gel staining of BF TbACC-myc immunoprecipitates revealed no detectable phosphorylation and no change in phosphorylation of TbACC-myc under any growth condition in BFs (Fig. 3C ). This lack of apparent phosphoregulation of BF TbACC under the different lipid media conditions mirrors the prior observed absence of change in BF TbACC protein and activity levels.
Phosphorylation reduces the activity of TbACC-myc. Previously, we observed a negative correlation between TbACC phosphorylation and TbACC activity in cell lysates (21) . To directly determine the effect of phosphorylation on TbACC activity, PF TbACCmyc cells were grown in high-lipid media for 72 h, and TbACC-myc was isolated with anti-myc agarose beads. Bound TbACC-myc was treated on-bead with bacteriophage Lambda protein phosphatase or left untreated as a control. The TbACC-myc bound beads were exchanged into biotin carboxylase buffer and assayed on-bead for TbACC activity as described above. Phosphatase treatment of TbACC-myc resulted in a significant (P ϭ 0.046) 1.9-fold increase in TbACC-myc ACC activity compared to the untreated control, indicating that altered phosphorylation affects TbACC activity and that phosphorylation is an inhibitory modification (Fig. 4A) . To confirm dephosphorylation of TbACC-myc by Lambda phosphatase, treated and untreated TbACC-myc immunoprecipitates were assessed by SDS-PAGE and phosphoprotein gel staining as described above. Pro-Q Diamond phosphoprotein gel staining showed reduced phosphostaining of the phosphatase-treated TbACC-myc, indicating successful dephosphorylation ( Fig. 4B; see also Fig. S3 ).
DISCUSSION
Our findings showed that T. brucei responded to altered environmental lipid availability by posttranscriptional modulation of TbACC activity. This environmental response pathway appears to be specific to PFs, as no TbACC regulation was observed in BFs in response to different medium lipid levels. One possible explanation is that PFs use this environmental lipid response pathway to adapt to the available resources in the different tsetse fly tissues that it encounters during its life cycle (4), while BFs may not require this response under the relatively constant conditions in the bloodstream. Additionally, BFs may require TbACC to be constitutively activated to meet the fatty acid synthesis requirements needed to secure sufficient myristate for the VSG GPI anchors (8) .
Although transcriptional regulation of ACC is nearly universal in all other organisms studied to date (22) , TbACC exhibited no change in steady-state mRNA levels in response to altered lipid availability, suggesting a lack of transcriptional control. TbACC is therefore unusual in this aspect of its regulation compared to other ACCs. However, the lack of transcriptional regulation is not unexpected, as T. brucei is known to undergo minimal transcriptional regulation due to polycistronic transcription and the absence of classical RNA polymerase (Pol) II promoters (reviewed in references 23 and 24). Therefore, the observed changes in TbACC protein levels likely occurred posttranscriptionally. T. brucei is known to regulate gene expression at the level of mRNA stability (25) , but the unchanged TbACC mRNA levels argue against this type of regulation.
One possible mode of posttranscriptional TbACC regulation could involve changes in the efficiency of TbACC mRNA translation mediated directly by altering mRNA structure or indirectly through the action of mRNA binding proteins (24) . For example, the human epidermal growth factor receptor 2 (HER2) oncogene upregulates ACC expression in breast cancer cells by inducing translational derepression of ACC mRNAs (26) . In the trypanosomatid Leishmania amazonensis, heat shock conferred selective translation of the HSP83 heat shock protein through a thermally responsive structural element in the HSP83 3= untranslated region (3=-UTR) (27) . In T. brucei, the TbZFP3 mRNA binding protein positively regulated expression of specific procyclins by increasing association with the translation machinery (28) . A second possible mode of regulation of TbACC protein levels could involve changes in TbACC turnover via the ubiquitin/proteasome pathway (29, 30) . For example, ACC protein levels in tumor cells were upregulated through the overexpression of proteins that directly bind ACC and prevent its degradation (31, 32) . In T. brucei, heat shock stabilized the ZC3H11 stress response protein by increasing phosphorylation of a site(s) on ZC3H11 that inhibits ubiquitination and subsequent turnover by the proteasome (30) .
In addition to changes in TbACC protein levels, we showed that altered environmental lipid levels lead to changes in TbACC phosphorylation. Our findings are consistent with our prior data showing that basal TbACC phosphorylation is higher in PFs and essentially undetectable in BFs (21), though BF TbACC was capable of being phosphorylated in lysates treated with EGCG. In addition, Urbaniak et al. identified TbACC as a phosphorylated protein in both BFs and PFs in a phosphoproteomics study (20) , though our results differed from those of Urbaniak et al. with respect to the relative levels of TbACC phosphorylation observed in BFs and PFs. Using phosphopro-
FIG 4 Phosphorylation of TbACC reduces activity. (A) PF TbACC-myc cells were grown in normal media
to the mid-log phase (~3 days). TbACC-myc was immunoprecipitated from lysates and directly treated on-bead with 400 U of Lambda phosphatase (ϩPPase) or was subjected to mock treatment as a control (No PPase). Phosphatase-and mock-treated TbACC-myc was directly assayed on-bead for ACC activity. Values were first normalized to the no-ATP negative control before averaging was performed. Average values were then expressed relative to that of normal-lipid media. Means Ϯ SEM of results from three independent experiments are shown. *, P Յ 0.05 (two-tailed Student's t test). (B) To confirm dephosphorylation, results of phosphatase-and mock-treated TbACC-myc pulldown experiments were resolved by the use of SDS-PAGE and assessed for phosphorylation by phosphoprotein gel staining (upper panel, ACC-p). An identically loaded gel was prepared in parallel, transferred to nitrocellulose, and probed for total TbACC by SA-HRP blotting (lower panel, ACC-t). The image was digitally processed to enable better visualization of the bands (see Materials and Methods). This experiment was performed once.
tein gel staining, we readily detected TbACC phosphorylation in PFs but not BFs grown in normal-lipid media. In contrast, Urbaniak et al. detected S5-and S1999/S2001-containing phosphopeptides at similar levels (Ϯ1.3-fold) in PFs and BFs (20) . Methodological differences and the higher sensitivity of mass spectrometry could account for the differences in our results. However, comparisons of ratios of the TbACC phosphosites were possible in only one or two of the four parallel phosphoproteomic experiments of Urbaniak et al. (20) , and no TbACC phosphorylation in BFs was detected in an earlier phosphoproteomic study (33) , suggesting a relatively low overall abundance of TbACC phosphopeptides under normal growth conditions. Nevertheless, our data demonstrated that growth in high-lipid media was sufficient to induce an increase in TbACC phosphorylation in PFs detectable by phosphoprotein staining, suggesting a robust change in TbACC phosphorylation in response to environmental lipids.
Comparison to known regulatory phosphosites on mammalian and yeast ACCs revealed no homologous sites in TbACC, an unsurprising result given the lack of sequence conservation at these sites (see Text S1 and Fig. S4 in the supplemental material) (34) . In silico analysis using phosphoprediction algorithms trained on mammalian and yeast phosphosites revealed that 10 sites in TbACC scored highly by both algorithms (see Text S1 and Table S1 in the supplemental material) and that only 1 (S1046) is located in a region of TbACC similar to a known ACC regulatory phosphosite: the linker region between the biotin carboxyl carrier and carboxyltransferase domains (Fig. S4) (12, 35, 36) . Of the three phosphorylated Ser residues on TbACC identified by mass spectrometry, S5 is located in a region similar to that of the N-terminal regulatory phosphosites S78/S80 in mammalian ACCs (Fig. S4) , while the location of S1999/S2001 sites is novel, with no analog in other ACCs. Of the three detected TbACC phosphosites, only S2001 was scored highly by both in silico prediction algorithms (Table S1 ), while the other two sites were predicted by only one of the algorithms with moderate confidence. This discordance suggests the limits of the use of existing phosphoprediction algorithms in identifying bona fide phosphosites in T. brucei proteins, likely due to the evolutionary divergence of T. brucei confounding algorithms trained on mammalian and yeast sequences. The extent to which these identified TbACC phosphosites are involved in the response to environmental lipids remains to be determined. Future phosphoproteomic analysis of TbACC will be required to determine if the phosphorylation of S5, S1999, and/or S2001 increases under high-lipid conditions or if other phosphosites are involved.
Although the identified TbACC phosphosites are not well conserved, the regulatory impact of TbACC phosphorylation is consistent with the results seen with other ACCs, in that phosphorylation inhibits TbACC activity. As the primary ACC kinases in other organisms (12) , AMPK and protein kinase A (PKA) represent potential candidates for the TbACC kinase(s) operating in this environmental lipid response pathway. Three observations support the idea of a role for AMPK in particular. First, exposure of bovine hepatocytes to fatty acids induced AMPK signaling and ACC phosphorylation (37) , analogous to the pathway that may be operating in T. brucei. Second, treatment of BF lysates with EGCG, a known AMPK activator, stimulated TbACC phosphorylation (21), though it is unclear whether the effect on TbACC phosphorylation was direct or indirect, as EGCG has multiple cellular targets (38) . Third, AMPK is already known to act in other environmental signaling pathways in T. brucei: in BF, quorum sensing, which triggers differentiation to short stumpy BFs by Stumpy Inducing Factor (39) , and in PF, glucose sensing and regulation of procyclin expression (40) . Interestingly, none of the proteomically identified phosphosites and only a few predicted phosphosites matched AMPK (20) (Table S1 ), though the prediction algorithms likely have limited utility in T. brucei, as mentioned above. Thus, it is possible that kinases other than AMPK or PKA are involved in TbACC regulation in response to environmental lipids. Further work will be required to confirm the identity of the TbACC kinase(s) in this environmental response pathway.
Our current model for the regulation of TbACC activity by environmental lipids (Fig. 5) proposes that high levels of exogenous lipids activate a kinase pathway that phosphorylates and inhibits TbACC. This kinase pathway may be activated by direct lipid binding to a kinase or indirectly through a lipid sensor that transduces the lipid signal to the kinase pathway. At the same time, if exogenous lipids exceed a threshold, they also repress production of TbACC protein by inhibiting TbACC mRNA translation and/or promoting TbACC protein degradation. Thus, high-lipid conditions lead to lowered TbACC activity and reduced flux of acetyl-CoA into the fatty acid synthesis pathway. This TbACC downregulation enables PFs to reduce fatty acid synthesis when environmental lipids are abundant, helping to conserve carbon and energy for other metabolic processes. When levels of exogenous lipids become limited, the lipid sensor/ kinase pathway is no longer activated, leaving the cellular phosphatases unopposed, which leads to dephosphorylation and activation of TbACC. If environmental lipids fall below the threshold, TbACC mRNA translation is derepressed and/or TbACC protein degradation is reduced, leading to increased TbACC protein levels. Overall, these changes in signaling result in increased TbACC activity and malonyl-CoA production for fatty acid synthesis, which enables the PFs to compensate for low lipid availability in their host environment.
The model described above suggests that TbACC phosphorylation and protein expression are modulated by lipids using a shared regulatory mechanism. However, it is also possible that TbACC phosphorylation and protein expression are regulated by lipids via independent mechanisms. Also, in this study, the observed changes in TbACC protein levels and in phosphorylation were each sufficient to account for the observed changes in TbACC activity, so it remains to be determined how each mode of regulation contributes to overall TbACC activity. One possibility is that modulating both TbACC protein levels and phosphorylation enables both a short-term response (phosphorylation) and a long-term response (protein levels) to environmental changes in lipids. Determining how T. brucei PFs detect exogenous lipids and how that information is transduced to the machinery controlling TbACC protein expression and phosphorylation and identifying the components of this environmental response pathway will be key to understanding how T. brucei senses its host environment and adapts its lipid metabolism to minimize energy expenditure, maximize use of host resources, and best take advantage of its parasitic lifestyle.
MATERIALS AND METHODS
Reagents and T. brucei strains. All chemicals and reagents were purchased from Thermo Fisher Scientific Company and Sigma, except Iscove's modified Dulbecco's medium (IMDM) and minimum essential medium (MEM) were from Invitrogen; Serum Plus was from JRH Biosciences; and delipidated FBS was from Cocalico Biologicals. T. brucei strain 427 (wild-type PF and BF) was a kind gift from Paul Englund (Johns Hopkins School of Medicine). The PF and BF TbACC-myc cell lines, which possess one genomic locus of TbACC fused with a C-terminal c-myc epitope tag, were generated previously (15, 21) .
Growth media. Serum is the only source of lipids in T. brucei growth media. Three different sera were used to prepare media: FBS, delipidated FBS (dFBS), and Serum Plus (SP) ( Table 1 ). According to the manufacturers, both dFBS and SP have 20% of the lipids found in FBS. The normal growth media for PF T. brucei is SDM-79 (41) supplemented with heat-inactivated 10% FBS, resulting in 10% total serum lipids. For BF T. brucei, the normal growth media is HMI-9 (42) supplemented with heat-inactivated 10% FBS and 10% SP, resulting in 12% total serum lipids. To prepare low-lipid media for BFs and PFs, we replaced the 10% FBS component with heat-inactivated 10% dFBS, which resulted in final concentrations of 4% and 2% total serum lipids in BF and PF low-lipid media, respectively. High-lipid media for BFs and PFs was prepared by doubling the heat-inactivated 10% FBS component, resulting in final concentrations of 20% and 22% total serum lipids for BF and PF high-lipid media, respectively. See Table 1 for all media formulations. To generate low-, normal-, and high-lipid low-phosphate media, Cunningham's phosphatefree media (43) was supplemented with dialyzed FBS as outlined in Table 1 ; 10% and 20% dialyzed FBS (Thermo Fisher) was used to generate the normal-and high-lipid Cunningham's media, and 10% dialyzed delipidated FBS was used to generate the low-lipid Cunningham's media. Dialyzed delipidated FBS was prepared by loading heat-inactivated delipidated FBS into dialysis tubing (10-kDa molecular weight cutoff) and dialyzing against three changes of 10 volumes of 150 mM NaCl for 6 to 10 h/change at 4°C. The dialyzed serum was clarified by centrifugation at 35,000 ϫ g for 30 min at 4°C, subjected to filter sterilization (0.22-m-pore-size filter), and stored at Ϫ20°C.
Lysate preparation. Hypotonic lysates were prepared from 0.5 ϫ10 9 to 1 ϫ10 9 cells as previously described (8, 44, 45) . Hypotonic lysates were sheared by passage through a 27.5-gauge needle three times, and unbroken cells and debris were removed by centrifugation at 4°C at 1,000 ϫ g for 10 min. The resulting supernatant was then clarified by centrifugation at 4°C at 16,000 ϫ g for 10 min to yield the final hypotonic lysate. Radioimmunoprecipitation assay (RIPA) lysates were prepared from 1 ϫ 10 9 cells/ml as previously described (15) and were clarified by centrifugation at 4°C at 16,000 ϫ g for 30 min. For both lysis methods, a protease inhibitor cocktail (final concentrations of 1 g/ml leupeptin and 0.1 mM tosyl-L-lysine chloromethyl ketone hydrochloride [TLCK] ) and a phosphatase inhibitor cocktail (HALT; Thermo Fisher) (1ϫ final concentration) were added to the cell suspensions just prior to the lysis step.
Western blotting. Proteins were resolved by the use of SDS-PAGE (10% polyacrylamide resolving gel with a 4% polyacrylamide stacking gel) and transferred to a nitrocellulose membrane. All manipulations were carried out at room temperature. Appropriately exposed blots were analyzed by densitometry using ImageJ software (NIH) and values normalized to the indicated controls. Blots were probed for native TbACC using SA-HRP (Thermo Pierce), which recognizes the biotin prosthetic group of ACCs (15, 17) . The statistical significance of differences in normalized data was assessed using the two-tailed Student's t test.
ACC activity assay. PF and BF cells were grown to the late-log stage (for PF, 1 ϫ 10 7 to 2.5 ϫ 10 7 cells/ml; for BF, 2.5 ϫ 10 6 to 5 ϫ 10 6 cells/ml) under low-, normal-, and high-lipid media conditions. Hypotonic lysates were prepared as described above. To remove endogenous ATP and CoA substrates, lysates were fractionated through 1.5 to 2 ml G-50 Sephadex columns (Sigma) equilibrated in biotin carboxylase buffer (50 mM Tris-Cl [pH 8.0], 5 mM MgCl 2 , 5 mM dithiothreitol [DTT]) supplemented with 1ϫ HALT phosphatase inhibitor cocktail. The protein concentrations of the chromatographed lysates were determined using a Bradford protein assay kit (Bio-Rad) with bovine serum albumin (BSA) as a standard, and samples were adjusted so that all lysates had the same protein concentration. A 4-step 2-fold dilution series (5 concentrations in total) of the chromatographed lysates was prepared and assayed for ACC activity as previously described (15) . Briefly, chromatographed lysates were incubated in biotin carboxylase buffer with ATP, MgCl 2 , acetyl-CoA, and [ 14 C]HCO 3 Ϫ for 30 min at 30°C. The resulting [ 14 C]malonyl-CoA product was subjected to acid precipitation, collected onto Whatman filters, and measured by scintillation counting. T. brucei ACC enzyme activity is labile, leading to variability in the levels of activity between lysate preparations (15) . Thus, TbACC activity was first normalized to the no-ATP control activity and then expressed as a ratio normalized to the TbACC activity in normal-lipid media. The TbACC activity (measured in femtomoles of [ 14 C]malonyl-CoA formed per 1 ϫ 10 6 cell equivalents) of the normal-media lysate preparations of all three independent experiments is indicated in Table S2 in the supplemental material. The statistical significance of differences in normalized data was assessed using the two-tailed Student's t test.
TbACC-myc immunoprecipitation. TbACC-myc was purified from hypotonic PF and BF lysates using a Pierce ProFound c-Myc-Tag immunoprecipitation/coimmunoprecipitation (IP/Co-IP) kit (Thermo Fisher). The manufacturer's protocol was modified to obtain maximum yield as follows. Hypotonic lysates (500 l or 5 ϫ 10 8 cell equivalents) were incubated with 10 to 15 l of anti-myc agarose beads overnight at 4°C with constant end-over-end mixing. These conditions were sufficient to saturate the beads (see Fig. S5 in the supplemental material). The lysate/bead mixtures were loaded into empty spin columns and unbound proteins removed with three washes of 1ϫ TBS-0.5% (vol/vol) Tween 20. Bound TbACC-myc was eluted using 150 mM glycine (pH 2.8) added 10 l at a time. Total elution volumes were 100 l and 60 l for PF and BF TbACC-myc, respectively. Eluted TbACC-myc was immediately neutralized to a final pH of~7.5 by the addition of 20 l (PF) and 10 l (BF) 100 mM Tris-Cl (pH 9.5).
Metabolic 32 P labeling of TbACC-myc. The [ 32 P]orthophosphate labeling was performed in lowphosphate media to ensure maximal 32 P incorporation. PF ACC-myc cells were grown in normal-lipid SDM-79 media to the late-log phase (1 ϫ 10 7 to 2.5 ϫ 10 7 cells/ml). The cells were harvested by centrifugation (900 ϫ g, 10 min, 25°C), washed thrice in Cunningham's phosphate-free normal-lipid media, and resuspended to a final concentration of 0.5 ϫ 10 8 cells/ml in low-, normal-, or high-lipid Cunningham's media. Cells were then incubated with 1 to 2 mCi [ 32 P]orthophosphate (ARP103; American Radiolabeled Chemicals) (350 mCi/ml) for 16 h at 28°C/ 5% CO 2 . After labeling, TbACC-myc immunoprecipitates were prepared from hypotonic lysates as described above, resolved by the use of SDS-PAGE, and transferred to nitrocellulose. To assess [ 32 P]orthophosphate labeling of TbACC-myc, the blot was exposed to X-ray film at room temperature. After the radioactivity decayed to undetectable levels, the same blot was probed for total TbACC as a loading control by SA-HRP blotting as described above. An appropriately exposed autoradiograph and blot were quantified by densitometry (ImageJ, NIH). Phosphorylated TbACC-myc values were normalized to total TbACC control values and then normalized to the normal-lipid condition.
Phosphoprotein gel staining. TbACC-myc immunoprecipitates prepared from PF TbACC-myc cells grown in low-, normal-, and high-lipid media were resolved by the use of SDS-PAGE, and the gels were processed and stained with Pro-Q Diamond phosphoprotein gel stain (Thermo Fisher) according to the manufacturer's directions. Phosphostained gels were imaged under UV using a Gel Doc XR imaging system (Bio-Rad). An identically loaded nonstained gel prepared and run in parallel was transferred to nitrocellulose and probed with SA-HRP to detect total TbACC loaded. Appropriately exposed gel images and blots were analyzed by densitometry (ImageJ, NIH). Values for phosphorylated TbACC-myc were normalized to total TbACC loaded and then normalized to the normal-lipid condition.
Lambda phosphatase treatment. PF TbACC-myc cells were grown to late-log phase in normal-lipid media. Hypotonic lysates were prepared and incubated with anti-myc agarose beads for 16 h at 4°C with constant end-to-end mixing. TbACC-myc bound beads were washed five times by centrifugation (3,000 ϫ g, 10 min) with 500-l biotin carboxylase buffer. On the last wash, the beads were divided into two aliquots and resuspended in 200 l Lambda phosphatase buffer alone (mock treatment) or buffer supplemented with 400 U of Lambda protein phosphatase (New England Biolabs) and incubated for 30 min at 30°C. Phosphatase-treated and mock-treated TbACC-myc bound beads were then washed twice in 100 l biotin carboxylase buffer and assayed for ACC activity as described above by adding assay components directly to TbACC-myc bound beads. TbACC activity was first normalized to the no-ATP control and then expressed as a ratio normalized to the TbACC activity in the no-PPase control. The TbACC activity (measured in femtomoles [ 14 C]malonyl-CoA formed per 1 ϫ 10 6 cell equivalents) of the no-PPase control in all three independent experiments is indicated in Table S2 . The statistical significance of differences in normalized data was assessed using a two-tailed Student's t test. To estimate the lysate equivalents of TbACC bound to the anti-myc beads, we compared results of control TbACC-myc pulldown experiments to a lysate standard curve by SA-HRP blotting (Fig. S5) . These conditions saturated the beads, with an estimated 4.6 ϫ 10 6 cell equivalents (which corresponded to 43 Ϯ 8.7 g lysate equivalents) of TbACC bound per microliter of anti-myc beads. To confirm dephosphorylation, TbACCmyc immunoprecipitates were subjected to mock treatment and phosphatase treatment as described above and resolved by the use of SDS-PAGE, and the gel was stained with Pro-Q Diamond phosphoprotein stain. In parallel, an identically loaded nonstained gel was transferred to nitrocellulose and probed with SA-HRP to detect total levels of TbACC loaded. Due to the high background levels and narrow bandwidth, the gel and blot images were identically and uniformly processed by increasing the contrast and elongating the image in the y dimension to make the stained band easier to see. The original phosphoprotein-stained gel image without contrast and y aspect modification is included in Fig. S3 .
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